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Important transitions in the cell cycle are regulated
by ubiquitin-dependent degradation of specific
proteins. Recent data indicate that cytokinesis is
also regulated by proteolysis.
Cytokinesis is tightly regulated in both space and time
to ensure correct segregation of chromosomes into
the two daughter cells. The cleavage furrow must
bisect the mitotic spindle after chromosomes have
been pulled to opposite spindle poles during anaphase.
Cytokinesis research has focussed heavily on the early
cleavage divisions of various translucent embryos,
including sea urchin, starfish and, more recently, the
nematode Caenorhabditis elegans. These divisions
are rapid and occur in predictable, developmentally
specified orientations; moreover they are well suited
for live-cell microscopy. Fertilization triggers oocytes
to perform one or two highly asymmetric divisions
(depending on the arrest stage of the oocyte) to com-
plete meiosis, producing a haploid female pronucleus
and two polar bodies which are often just a few
percent of the size of the zygote. Shortly thereafter,
the zygote undergoes its first mitotic division, which is
often (nearly) symmetrical.
This radical transition in spindle size has allowed
Kurz et al. [1] to discover that the Nedd8 pathway in
C. elegans is required for degradation of a micro-
tubule-severing complex at the transition from meiosis
to mitosis. Further, these recent studies have revealed
that defects in mitotic spindle assembly can lead to
ectopic cleavage furrows, suggesting a mechanism
for spatial regulation of contractile activity. A second
study, reported in this issue of Current Biology by
Shuster and Burgess [2], has demonstrated a require-
ment for the anaphase promoting complex (APC/C) in
furrow initiation, providing insight into the temporal
regulation of cytokinesis.
The mitotic spindle is responsible for the spatial
regulation of furrow specification. Whether this activ-
ity is mediated by astral microtubules or the central
spindle is controversial, and the molecular mechanism
is entirely obscure. Nevertheless, two models for
microtubule-mediated specification are of particular
interest. In the ‘equatorial stimulation’ model, astral
microtubules are thought to interact with the equator-
ial region of the cell cortex, either physically or chem-
ically, by delivering a gradient of a furrow-stimulating
activity [3]. Numerous micromanipulation experiments
in marine invertebrates are consistent with this model.
For example, two asters in close proximity are
sufficient to induce formation of cleavage furrows
anywhere on the cell cortex. Similarly, an embryo
deformed into a tube shape can be induced to form
multiple cleavage furrows by repeated displacement
of the anaphase spindle within the tube.
In the second, ‘polar relaxation’ model, actomyosin
contractile activity is proposed to exert uniform
tension over the entire cell until anaphase when micro-
tubules are thought to relax the cell cortex specifically
at the cell poles, leading to an relative increase in the
contractile activity at the cell equator. But direct force
measurements on cultured cells [4] have demon-
strated a net increase in cortical tension at the pre-
sumptive furrow region without concomitant relaxation
at the poles, suggesting that, if microtubules inhibit
contractility, they do so by inhibiting activation of 
contractility rather than by promoting cortical relax-
ation; so ‘polar inhibition’ may describe this concept
better. It has not yet been possible to establish a 
universal mechanism for regulation of cytokinesis 
in animal cells, as experiments performed in different
model organisms have given apparently contra-
dictory results. Continuing in this grand tradition, 
the new data provide some evidence in support of
both models!
Rapid degradation of specific proteins is a key
regulatory mechanism for cell-cycle progression.
Most, but not all, of the critical substrates are targeted
for degradation by the proteasome by covalent attach-
ment of multiple ubiquitin moieties in a multi-step
process. Ubiquitin is first activated, in an ATP-depen-
dent reaction, by an activating enzyme and then
passed to a conjugating enzyme before being trans-
ferred to a target protein by a ubiquitin ligase. Two
critical cell-cycle regulators have ubiquitin ligase
activity: the Skp1–cullin–F-box (SCF) complex and the
APC/C [5]. The SCF complex is activated in late G1
phase to regulate S-phase-related events, whereas
APC/C regulates progression through M phase. These
two multiprotein complexes differ markedly in their
overall structure, though both contain subunits of the
cullin family and RING families.
Two other conserved ubiquitin-like proteins have
been identified: SUMO and Nedd8 (Rub8p in budding
yeast). SUMO and Nedd8 are both covalently linked to
target proteins by a similar series of reactions to ubiq-
uitination [6], yet rather than degradation, sumotyla-
tion and neddylation seem to affect the subcellular
localization or activity of their target proteins, respec-
tively. Whereas a vast number of proteins are cova-
lently modified by ubiquitin at any given time, the only
proteins so far known to be modified by neddylation
are the cullins.
Recent analysis of the Nedd8 pathway in C. elegans
by Kurz et al. [1] has shown that the cytoskeleton is
modulated as a consequence of Nedd8-dependent
regulation. They identified a mutation of the Nedd8-
activating enzyme UBA-3/RFL-1; consistent with the
enzyme having a role in promoting S phase, this muta-
tion was found to delay cell-cycle progression, as did
genetic depletion of other components of the Nedd8
pathway, such as the cullin CUL-3. But the rfl-1
mutant exhibits additional phenotypes, not caused by
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the S-phase delay, including prominent cytoskeleton-
related defects (Figure 1). Astral microtubules are
shorter and spindles frequently fail to align on the
anterior–posterior axis during the first division. In
telophase, nuclei often end up near the cell cortex
rather than in the cell center. During cytokinesis, con-
vulsive ectopic cleavage furrows are formed all
around the mutant embryo, but eventually all furrows
regress leading to cytokinesis defects. Partial depoly-
merization of microtubules during mitosis by nocoda-
zole treatment also induces the formation of ectopic
furrows, indicating that high microtubule density neg-
atively regulates cortical contractility at the poles of
the embryo. These data are reminiscent of the ‘polar
inhibition’ model, whereby microtubules tend to inhibit
cortical contractility.
Some of the observed phenotypes — small asters,
spindle orientation defects, ectopic furrows — are
similar to those seen in mel-26 mutant embryos.
MEL-26 is a protein whose sole function appears to
be to downregulate, upon completion of meiosis, a
protein complex called katanin which has micro-
tubule-severing activity [7]. Katanin activity prevents
assembly of long microtubules, allowing the formation
of the small anastral meiotic spindle [8,9]. Katanin
appears to be a target of the Nedd8 pathway, as one
of its subunits, MEI-1, is not degraded in rfl-1 mutants
before mitosis (Figure 2). Most importantly, the micro-
tubule-related phenotypes of rfl-1 mutants are sup-
pressed by genetic depletion of MEI-1. The delay in
cell-cycle progression, however, is not affected by
MEI-1 depletion, indicating that the Nedd8 pathway
has multiple targets. But the similar cul-3 and rfl-1
loss-of-function phenotypes indicate that CUL-3 may
be the most important target of neddylation for inhibi-
tion of ectopic furrowing. Further work is needed 
to determine if MEI-1 is directly destabilized by the
SCF complex and whether MEL-26 is directly involved
in ubiquitination.
In rfl-1 mutants, cortical contractility is observed
only during mitosis and not during interphase, so the
temporal regulation of cytokinesis is not perturbed.
The question of temporal regulation has been
addressed by Shuster and Burgess [2] using echino-
derm embryos as a model system. It has long been
appreciated that — fortunately — cytokinesis always
occurs after anaphase, but the molecular events
required for coordinating these events are not under-
stood. Shuster and Burgess [2] have now shown 
that furrow initiation can be advanced relative to 
the normal timing by using micromanipulation to
reduce the distance between the spindle and the cell
cortex. When otherwise spherical embryos were
pulled into capillaries with small diameter, thereby
reducing the distance between the spindle and the
cell cortex, the timing of cytokinesis could be
advanced substantially. A minimal time interval of
about 3.5 minutes after anaphase onset was required
before initiation of cytokinesis was observed. These
manipulation experiments are quite similar to now
classical experiments that provided support for the
equatorial stimulation model.
The same authors [10] earlier reported that, counter
to most expectations, furrow formation can occur 
in embryos arrested with high levels of Cdk1–cyclin B
following injection of an APC/C-resistant form of
cyclin B. To investigate whether there is a functional
link between anaphase onset and furrow initiation,
rather than merely a correlation, embryos were
arrested in metaphase by injection of either MAD2 
or the amino-terminal fragment of cyclin B, which 
acts as a competitive inhibitor of APC/C. Such cells
do not initiate furrowing, even when the spindle is 
displaced towards the cell cortex (Figure 1). This
shows that APC/C activity, but not inactivation of the
mitotic kinase, is required for cytokinesis, suggesting
that an inhibitor of cytokinesis has to be degraded by
the APC/C.
The critical target of the APC/C for anaphase onset
is the separase inhibitor securin. But it is unlikely that
either securin or separase are critical regulators of
cytokinesis, as cells lacking either gene product are
competent to complete cytokinesis [11–13]. It is more
likely that the APC/C degrades another protein that
inhibits the onset of cytokinesis. We can only specu-
late about the relevant APC/C target in cytokinesis.
One possibility is that APC/C regulates the ability of
the cortex to respond to the stimulus, perhaps acting
via the small GTPase RhoA, a critical regulator of
cytokinesis. For example, APC/C might degrade an
inhibitor of RhoA to permit accumulation of active
RhoA; or it might regulate the competence of the
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Figure 1.
(A) In rfl-1 mutant C. elegans embryos,
numerous cytoskeletal defects are
observed including shortened astral
microtubules, spindle mispositioning, and
most importantly, ectopic cleavage
furrows. (B) In sea urchin embryos, cytoki-
nesis can be initiated in embryos arrested
in anaphase by injection of ∆90 cyc B, a
non-degradable form of cyclin B (bottom
left), but not in embryos arrested in
embryos arrested in metaphase by injec-
tion of MAD2 or an amino-terminal frag-
ment of cyclin B (cyc B N-term) a
competitive inhibitor of the APC/C
(bottom right).
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mitotic spindle to stimulate cortical contractility. Indeed,
a critical open question is how microtubules are dis-
tributed in APC/C-inhibited embryos. Notably, the
yeast member of a family of microtubule-bundling
proteins, Ase1p, is known to be an APC/C substrate
[14]. The cognate protein in animal cells, PRC1, is
involved in cytokinesis [15]; the available data on
PRC1 do not indicate that it has to be degraded to
allow progression of cytokinesis, but we know rather
little about this protein.
The alert reader will realize that the two sets of data
[1,2] lead to an apparent contradiction. The study by
Kurz et al. [1] indicates that microtubules inhibit
furrow formation outside of the equatorial zone. The
data of Shuster and Burgess [2] indicate that micro-
tubules in the immediate vicinity of the cortex
promote, rather than inhibit, contractility. How might
these views be reconciled? Different experimental
systems may not behave similarly in all respects.
Indeed, C. elegans embryos and cultured mammalian
cells [16] become highly contractile upon microtubule
depolymerization, but sea urchin embryos do not, so
the susceptibilities of their cell cortices to micro-
tubule-mediated perturbation may differ. Alterna-
tively, we may not understand the mechanism in
sufficient detail to ascertain the underlying similarity.
One attractive possibility is that furrow ingression is
not triggered by the simple presence or absence of
microtubules, but rather by local changes in micro-
tubule density. All we know for sure now is that the
still-elusive cleavage stimulus remains cloaked in
mystery; the suspense should suffice to keep some of
us stimulated to study cleavage in greater — even
molecular — detail.
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Figure 2.
Schematic view of how SCF and APC/C
contribute to selected cell-cycle events
and an illustration of how RFL-1 may
inhibit ectopic furrows. The mechanism
by which APC/C may promote cytokinesis
is enigmatic. The asterisk indicates cat-
alytically active forms of the various
enzymes.
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